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By the year
2025, effective,
safe, and cost-
competitive
options for
geologic
sequestration of
all of the CO,
generated from
coal, oil, and gas
power plants and
generated by H,
production from
fossil fuels will
be available
within 500 km of
each power
plant.

SEQUESTRATION OF CARBON
DIOXIDE IN GEOLOGIC
FORMATIONS

5.1 SEQUESTRATION IN GEOLOGIC
FORMATIONS BUILDS ON A STRONG
EXPERIENCE BASE

Geologic formations, such as oil fields, coal beds,
and aquifers, are likely to provide the first large-
scale opportunity for concentrated sequestration of
CO,. In fact, CO, sequestration is already taking
place at Sleipner West off the coast of Norway,
where approximately one million tonnes of CO, are
sequestered annually as part of an off-shore
natural gas production project (see sidebar on the
Statoil Project). Developers of technologies for
sequestration of CO, in geologic formations can
draw from related experience gained over nearly a
century of oil and gas production, groundwater
resource management, and, more recently, natural
gas storage and groundwater remediation. In some
cases, sequestration may even be accompanied by
economic benefits such as enhanced oil recovery
(EOR), enhanced methane production from coal
beds, enhanced production of natural gas from
depleted fields, and improved natural gas storage
efficiency through the use of CO, as a “cushion
gas” to displace methane from the reservoir.

5.1.1 Sequestration Mechanisms

CO, can be sequestered in geologic formations by
three principal mechanisms (Hitchon 1996; DOE
1993). First, CO, can be trapped as a gas or
supercritical fluid under a low-permeability
caprock, similar to the way that natural gas is
trapped in gas reservoirs or stored in aquifers. This
mechanism, commonly called hydrodynamic
trapping, will likely be, in the short term, the most
important for sequestration. Finding better
methods to increase the fraction of pore space
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Statoil Sequesters CO, from Off-Shore Gas Production

Natural gas produced from the
Sleipner West field in the North Sea
contains nearly 10% by volume CO.,.
To meet the sales specification of
only 2.5% CO,, most of the CO,,
must be removed from the natural
gas before delivery. Statoil uses an
amine solvent to absorb the excess
CO,. The separated CO, is injected
into an aquifer 2000 m under the
North Sea. Approximately one
million tonnes of CO, are separated
and sequestered annually. Over the
project lifetime, 20 million tonnes of
CO, are expected to be sequestered
(Korbol and Kaddour 1995).
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occupied by trapped gas will enable
maximum use of the sequestration
capacity of a geologic formation.
Second, CO, can dissolve into the fluid
phase. This mechanism of dissolving
the gas in a liquid such as petroleum is
called solubility trapping. In oil
reservoirs, dissolved CO, lowers the
viscosity of the residual oil so it swells
and flows more readily, providing the
basis for one of the more common EOR
techniques. The relative importance of
solubility trapping depends on a large
number of factors, such as the sweep
efficiency (efficiency of displacement of
oil or water) of CO, injection, the
formation of fingers (preferred flow
paths), and the effects of formation
heterogeneity. Efficient solubility
trapping will reduce the likelihood that
CO, gas will quickly return to the
atmosphere.

Finally, CO, can react either directly
or indirectly with the minerals and
organic matter in the geologic

formations to become part of the solid
mineral matrix. In most geologic
formations, formation of calcium,
magnesium, and iron carbonates is
expected to be the primary mineral-
trapping processes. However,
precipitation of these stable mineral
phases is a relatively slow process with
poorly understood kinetics. In coal
formations, trapping is achieved by
preferential adsorption of CO, to the
solid matrix. Developing methods for
increasing the rate and capacity for
mineral trapping will create stable
repositories of carbon that are unlikely
to return to the biosphere and will
decrease unexpected leakage of CO, to
the surface.

Finding ways to optimize hydro-
dynamic trapping, while increasing
the rate at which the other trapping
mechanisms convert CO, to less mobile
and stable forms, is one of the major
challenges that must be addressed by
an R&D program.
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5.1.2 Sources and Forms of CO2

For the purposes of this assessment, we
assumed that CO, would be produced
either by combustion of fossil fuels to
generate electricity or by decarbon-
ization of fossil fuels to produce
hydrogen. Following generation, CO,
would be separated from the waste
stream to a purity of at least 90%. CO,
would be transported as a supercritical
fluid by pipeline to the nearest
geologic formation suitable for
sequestration. The technology, cost,
and safety issues for transportation
were not considered, but it is likely
that the costs will be significant and
must be included for any valid
comparison among projects and ideas.

5.1.3 Capacity of Geologic
Formations Suitable for
Sequestration

Three principal types of geologic
formations are widespread and have
the potential to sequester large
amounts of CO,:

e active and depleted oil and gas
reservoirs

e deep brine formations, including
saline formations

e deep coal seams and coal-bed
methane formations

Other geologic formations such as
marine and arctic hydrates, CO,
reservoirs, mined cavities in salt
domes, and oil shales may increase
sequestration capacity or provide site-
specific opportunities but are likely to
be developed only after other
sequestration targets are explored.

Maps showing the location of active
and abandoned oil and gas fields,
deep-saline aquifers, and coal
formations are provided in Figs. 5.1
through 5.3. Figure 5.3 also shows the

location of fossil-fuel-fired power
plants. As illustrated, one or more of
these formations is located within
500 km of each of the fossil-fuel-
burning power plants in the United
States.

Estimates of sequestration capacity for
each of these types of geologic
formations are provided in Table 5.1.
While the range and uncertainty in
these estimates are large, and in some
cases costs were not considered when
they were developed, they suggest that
a significant opportunity exists for CO,
sequestration in geologic formations.
More specifically, in the near term, the
United States has sufficient capacity,
diversity, and broad geographic
distribution of geological formations to
pursue geologic sequestration
confidently as a major component of a
national carbon management strategy.
What is less certain is the ultimate
capacity that geologic formations can
contribute, over the centuries ahead, to
sequestration of CO,. Only through
experience and application of
systematic screening criteria will we
gain enough knowledge to assess the
ultimate sequestration capacity of
geologic formations.

5.1.4 Drivers for R&D

Although the potential for CO, seques-
tration in geologic formations is
promising, new knowledge, enhanced
technology, and operational exper-
ience must be gained in a number of
critical areas. The primary drivers for
R&D include

e developing reliable and cost-
effective systems for monitoring CO,
migration in the subsurface

e assessing and ensuring long-term
stability of sequestered CO, (>100
years)

Sequestration of CO, in Geologic Formations
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Fig. 5.1. Location of gas-producing areas in the United States.

oo ° = )
009 b Source: U.S. Geological Survey

Fig. 5.2. Location of deep saline aquifers in the United States.
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Fig. 5.3. Location of coal-producing areas in the United States and power plants.

Table 5.1. Range of estimates for CO, sequestration in U.S. geologic formations

Capacity estimate

Geologic formation (G1C) Source
Deep saline aquifers 1-130 Bergman and Winter 1995
Natural gas reserwirs in the United States 252 R. C. Burruss 1977
10°
Active gas fields in the United States 0.3/yeare Baesetal. 1980
Enhanced coal-bed methane production in 10 Stevens, Kuuskraa, and Spector

the United States

1998

@aAssuming all gas capacity in the United States is used for sequestration.
PAssuming cumulative production of natural gas is replaced by CO,.
¢Assuming that produced natural gas is replaced by CO, at the original reservoir pressure.

e reducing the cost and energy
requirements of CO, sequestration
in geologic formations

e gaining public acceptance for
geologic sequestration

This chapter outlines R&D needs to
address these issues and provides a
comprehensive road map of the critical
elements needed to achieve the
potential of geologic sequestration

of CO,,.

5.2 ASSESSMENT OF CURRENT
CAPABILITIES AND R&D
NEEDS

The current capabilities and needs
were evaluated in the following context
for each major type of geologic
formation.

Industrial experience: What related
industrial experience provides the
scientific, technological, and
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economic basis for evaluating
sequestration in geologic formations?

Beneficial uses of CO,: Are there
beneficial uses of CO, that may offset
the cost of sequestration or provide an
additional incentive for developing CO,
sequestration technology?

Regulatory, cost, and safety: What is
known about the regulatory framework,
cost, and safety aspects of CO, seques-
tration in geologic formations?

Operational drivers: What are the
operational aspects that must be
understood to enable cost-effective and
safe sequestration of CO,? These
include

= CO, trapping mechanisms: Which of
the trapping mechanisms is most
important? How much do we
understand about them? What are
the key unresolved issues?

e Multiphase flow: pathways in porous
media, including reaction path
modeling.

= CO, waste stream characteristics:
What are the requirements for the
CO, waste stream? How pure should
it be? What are the effects of impuri-
ties on sequestration efficiency,
cost, safety, and risk? What
temperature and pressure are
needed at the wellhead? What are
the unresolved issues?

e Formation characterization: How can
sequestration capacity and caprock
integrity be assessed? What attri-
butes are most important for
assessing capacity and integrity?

e Injection, drilling, and well comple-
tion technology: How will CO, be
injected into geologic formations?
How will the wells be drilled and
completed? Are there special
material-handing issues for
sequestration of CO,?

e Performance assessment: What
methods can be used to design,
predict, and optimize sequestration
of CO, in geologic formations? What
new issues must to be addressed or
new approaches will be required?

e Monitoring: How can migration of
CO, in the subsurface be moni-
tored? How can leakage be detected
and quantified? How can we detect
and monitor solubility and mineral
trapping?

In the following sections, we first
address these questions in the context
of issues unique to each type of
geologic formation. Next we address
cross-cutting issues that are common
to all formations.

5.2.1 Opportunities for CO,
Sequestration in Oil and Gas
Formations

Oil and gas reservoirs are promising
targets for CO, sequestration for a
number of reasons. First, oil and gas
are present within structural or
stratigraphic traps, and the oil and gas
that originally accumulated in these
traps did not escape over geological
time. Thus these reservoirs should also
contain CO,, as long as pathways to the
surface or to adjacent formations are
not created by overpressuring of the
reservoir, by fracturing out of the
reservoir at wells, or by leaks around
wells. Second, the geologic structure
and physical properties of most oil and
gas fields have been characterized
extensively. While additional
characterization—particularly of the
integrity and extent of the caprock—
may be needed, the availability of
existing data will lower the cost of
implementing CO, sequestration
projects. Finally, very sophisticated
computer models have been developed
in the oil and gas industry to predict
displacement behavior and trapping of
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Sequestration of CO, in Geologic Formations



Carbon Sequestration Research and Development

CO, for EOR. These models take into
account the flow of oil, gas, and brine
in three dimensions; phase behavior
and CO, solubility in oil and brine;
and the spatial variation of reservoir
properties, to the extent it is known.
These same processes are responsible
for hydrodynamic and solubility
trapping of CO, (see sidebar on natural
gas storage).

The first and most viable option for CO,
sequestration is to build upon the
enormous experience of the oil and gas
industry in EOR. Currently, about 80%
of commercially used CO, is for EOR
purposes. The technology for CO,
injection is commercially proven and
can be implemented without much
difficulty (see sidebar on auxiliary
benefits of CO, sequestration). EOR has
the benefit of sequestering CO, while
increasing production from active oil
fields. In the long term, the volume of
CO, sequestered as part of EOR projects
may not be comparatively large, but
valuable operational experience can be
gained that will benefit geologic
sequestration in other types of
formations.

CO, could be sequestered in two types
of natural gas fields: (1) abandoned
fields and (2) depleted but still active
fields where gas recovery could be
enhanced by CO, injection. The map in
Fig. 5.1 suggests that, except for the
North Central and Atlantic Coastal
states, abandoned gas fields are
present in many parts of the United
States. Deciding which abandoned gas
fields could best be used in a CO,
sequestration program would require a
comprehensive review of the current
conditions in abandoned fields and
the economics of their rehabilitation.
This would be a major program of
investigation, but the necessary
technology to carry out such a review
is available and well known to the gas

4 Natural Gas Storage N
in Geologic Formations

Working Gas Capacity

. Salt
Aquifers 306

12%

Depleted
Reservoirs

85%

Daily and seasonal variability in
demand for natural gas requires the
storage of large volumes of natural gas
that can be tapped as needed. Geologic
formations are used to store natural
gas. Currently, they provide
3 trillion ft® of working gas capacity.
Most gas is stored in depleted gas
fields, but aquifers and mined caverns
in salt also contribute significantly to
the existing capacity. Natural gas
storage provides experience in and
demonstrates the feasibility of the
hydrodynamic trapping mechanism for
use in sequestering CO, (Beckman and
Determeyer 1995).

- J

industry. Locating and sealing
abandoned wells may be an ongoing
challenge for sequestration in
abandoned gas fields.

In nearly depleted gas fields, it is
possible that injection could prolong
the economic life of the field by
maintaining reservoir pressures longer
than would otherwise be possible.
However, enhancing gas production
through injection of another kind of
gas (e.g., CO,) while the field continues
to operate has not been pursued in the
United States. Therefore, pilot tests
augmented with laboratory and
modeling studies will be needed to
develop this technology. Some

Sequestration of CO, in Geologic Formations
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CO, Sequestration in Geological Formations
Can Have Auxiliary Benefits

Recovering residual oil through the injection of CO, into oil reservoirs began on
a large scale in 1972 in Texas. Carbon dioxide enhances oil production by two
primary mechanisms. First, CO, gas displaces oil and brine, which are
subsequently pumped from the wells. Second, injected CO, dissolves in the oil,
leading to a reduction in viscosity and swelling of the oil, making it flow more
easily and leading to enhanced production. The CO, used for EOR usually comes
from naturally occurring CO,-filled reservoirs. Pipelines carry CO, from its natural
reservoirs to the oil field, where it is injected. Eventually, some of the injected CO,
is produced along with the oil. At the surface, it is separated and injected back into
the oil reservoir. EOR through CO, injection provides one example of the beneficial
uses of CO, and operational experience to guide CO, sequestration.

In the future, CO, sequestered from power plants can be used to enhance coal-
bed methane production. A pilot program of CO,-assisted coal-bed methane
production in the San Juan Basin, New Mexico, has been under way since 1996.
This project, the Allison Unit Pilot run by Burlington Resources, is injecting
4 million ft®/day of pipeline-fed CO, from a natural source into a system of nine
injection wells located in the San Juan Basin. Preliminary results indicate that
full-field development of this process could boost recovery of in-place methane by

about 75%.
.

J

experience may be gained from Gaz de
France, which for the past 10 to 15
years has been converting gas storage
projects to operate with two kinds of
gas: natural gas that is cyclically
injected and withdrawn as needed and
a low-cost cushion gas. A similar
concept may be developed for
combining CO, sequestration with
enhanced natural gas production from
depleted fields.

Table 5.2 lists the specific R&D needs
for advancing the technology and
acceptability of CO, sequestration in
oil and gas reservoirs. Needs are
divided into near-, mid-, and long-
term efforts that together provide a
comprehensive set of actions that will
create a set of sequestration options.

5.2.2 CO, Sequestration in Brine
Formations

Brine formations are the most common
fluid reservoirs in the subsurface, and

large-volume formations are available
practically anywhere. For
sequestration, deep (>2000 ft)
formations that are not in current use
are the most logical targets. As shown
in Fig. 5.2, suitable deep formations,
which are usually filled with brackish
or saline water, are located across most
of the United States. Brine formations
have the largest potential capacity and
are the most challenging of the
potential sequestration options.

Although there is little practical
experience with CO, sequestration in
brine formations, aquifer storage of
natural gas provides a foundation of
experience for identifying important
technical issues. In addition, CO,
sequestration in aquifers has been
discussed in the technical literature
since the early 1990s. Operational
experience from aquifer gas storage
and these studies indicate that from an
engineering perspective, the main
issues for CO, disposal in aquifers

58

Sequestration of CO, in Geologic Formations



Carbon Sequestration Research and Development

Table 5.2. R&D priorities for CO, sequestration in oil and gas fields

Near-term R&D
(<2005)

Mid-term R&D
(2005-2010)

Long-term R&D
(>2010)

Understand the importance of
geochemical reactions on

- seal integrity

- long-term sequestration

- subsidence

- long-term oil recovery

Develop coupled H-M-C-T
(hydrologic, mechanical,
chemical, thermal) simulators
for evaluating short- and long-
term sequestration efficiency
and safety

Establish screening criteria
for selecting sequestration
sitesin oil and gas fields

Complete assessment of

monitoring methods for

monitoring CO,

- Enhance resolution of
seismic monitoring method

- Develop verification and
monitoring capabilities for
CO, sequestration in
EOR applications

- Evaluate and develop
electrical methods for CO,
monitoring

- Evaluate and develop
methods for monitoring
solubility and mineral

mapping

Conduct a small-scale pilot
for improved gas recovery
from a depleted gas field
by CO, injection

Implement pilot test for
co-optimization of CO,EOR
and sequestration

Obtain cost and performance
data from a full-scale
integrated demonstration of
CO,sequestration from a
power plantin a depleted or
abandoned gas field

Develop methods to increase
sequestration efficiency from
current estimates (1-10% pore
volume) to greater than 50%

- Highest priority should be
given to EOR projects

- Next highest priority to
abandoned gas fields

- Match CO, generators to
potential sequestration sites

Assess and develop methods
for detection of abandoned
wells in oil and gas fields

relate to (1) the disposal rate of CO,;
(2) the available storage capacity
(ultimate CO, inventory); (3) the
presence of a caprock of low
permeability, and potential CO,
leakage through imperfect confine-
ment; (4) identification and
characterization of suitable aquifer
formations and caprock structures;
(5) uncertainty due to incomplete
knowledge of subsurface conditions
and processes; and (6) corrosion
resistance of materials to be used in

injection wells and associated
facilities.

The main trapping process affecting
CO, sequestration in aquifers is well
understood, at least in a generic sense.
Injection of CO, into a water-filled
formation results in immiscible
displacement of an brine phase by a
less dense and less viscous gas phase.
Because CO, is soluble in water, some
of the CO, will dissolve in the water.
The thermophysical properties of water

Sequestration of CO, in Geologic Formations
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and CO, that determine flow behavior—
such as density, viscosity, and
solubility—are well known, as is their
dependence on pressure, temperature,
and salinity. Equilibrium solubility of
CO, in water decreases by about a
factor of 6 between 10 and 150°C, and
it decreases with aquifer salinity
(*salting out”). The rate at which
gaseous CO, will dissolve in water
depends on size and shape of the gas-
water interfaces and may be subiject to
considerable uncertainty.

Uptake of CO, by water may be
increased beyond what can be
attributed to physical solubility by
interactions with carbonate minerals.
Minerals such as calcite would be
dissolved in response to CO, injection.
A considerably larger increase in
storage capacity is possible from
heterogeneous reactions with
aluminosilicates (“mineral trapping”).
There are indications that kinetics of
reactions with carbonates may be fast,

_——

Ground Surface

while kinetics of silicate interactions
appear to be very slow, requiring tens
or perhaps hundreds of years for
substantial reaction progress.

Because CO, is considerably less
dense and viscous than water, CO,
injection into aquifers will be prone to
hydrodynamic instabilities. The
viscosity contrasts will lead to viscous
fingering, and the density contrast will
lead to gravity segregation. The
specifics of each will depend on the
spatial distribution of permeability at
the actual site and on injection rates
(Fig. 5.4). The effect of these complexi-
ties may be important in controlling
the relative importance of the three
primary trapping mechanisms.
Detailed characterization of these
complexities will be difficult, but it
may not be necessary for achieving
engineering objectives.

Two key issues distinguish CO,
sequestration in aquifers from

Preferential Leakage =————

Viscous
Fingering

/

Low Permeability Strata

T

Gravity
Segregation

—

]

Fig. 5.4. Gravity segregation, viscous fingering,
heterogeneity, and preferential flow through faulted cap rocks
could influence CO, migration in the subsurface.

5-10
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sequestration in oil and gas reservoirs.
First, oil and gas reservoirs occur by
virtue of the presence of a structural or
stratigraphic trap. This same trap is
likely to retain CO,. Identification of
such effective traps may be more
difficult in brine formations and may
require new approaches for
establishing the integrity and extent of
a caprock. Second, injection of CO,
into an brine formation is unlikely to
be accompanied by removal of water
from the formation. (In the case of EOR,
oil is simultaneously withdrawn while
CO, is injected.) Injection will therefore
lead to an increase in formation
pressure over a large area. Whether or
to what extent large-scale pressuriza-
tion will affect caprock integrity, cause
land surface deformation, and induce
seismicity must be better understood
to design safe and effective
sequestration.

A final issue concerning sequestration
in brine formations is the accep-table
leakage rate from the formation to
overlying strata. Leakage of CO, may
not pose a safety hazard and may, in
some cases, be desirable if leakage to
overlying units increases the
opportunity for enhanced solubility or
mineral trapping. Evaluating general
and site-specific acceptable leakage
rates should be part of a long-term
strategy for CO, sequestration in brine
formations.

Table 5.3 lists the specific R&D needs
for advancing the technology and
acceptability of CO, sequestration in
brine formations. Needs are divided
into near-, mid-, and long-term efforts
that together provide a comprehensive
set of actions that will create a set of
sequestration options.

5.2.3 Opportunities for CO,
Sequestration in Coal
Formations

Coal formations provide an opportunity
to simultaneously sequester CO, and
increase the production of natural gas.
Methane production from deep
unmineable coal beds can be
enhanced by injecting CO, into coal
formations, where the adsorption of CO,
causes the desorption of methane. This
process has the potential to sequester
large volumes of CO, while improving
the efficiency and profitability of
commercial natural gas operations (see
sidebar on auxiliary benefits of CO,
sequestration).

This method for enhancing coal-bed
methane production is currently being
tested at two pilot demonstration sites
in North America. At one pilot produc-
tion field in the San Juan Basin (New
Mexico and Colorado), the operator has
injected 3 million ft3/day of CO,
through four injection wells during a
3-year period. Preliminary results
indicate that full-field development of
this process could boost recovery of in-
place methane by about 75%. The key
technical and commercial criteria for
successful application of this concept
include (1) favorable geology such as
thick, gas-saturated coal seams, buried
at suitable depths and located in
simple structural settings, which have
sufficient permeability; (2) CO,
availability, such as low-cost potential
supplies of CO,, either from naturally
occurring reservoirs or from
anthropogenic sources such as power-
plant flue gas; and (3) gas demand,
which includes an efficient market for
utilization of methane, including
adequate pipeline infrastructure, long-
term end-users, and favorable
wellhead gas prices.

Sequestration of CO, in Geologic Formations
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Table 5.3. R&D priorities for CO, sequestration in brine formations

Near-term R&D
(<2005)

Mid-term R&D
(2005-2010)

Long-term R&D
(>2010)

Develop a small-scale pilot test
of CO, into a shallow
<3000-ft-deep aquifer or facility
for brine formation

trapping

Develop coupled H-M-C-T
(hydrologic, mechanical,
chemical, thermal) simulators
for evaluating short and long-
term sequestration efficiency
and safety

Establish screening criteria for
selecting sequestration sites in
aqueous formations. Match CO,
generators to potential
sequestration sites using
screening criteria

Evaluate and develop, if needed,
methods for evaluating the
integrity of caprocks. Develop a
safety analysis and technical
strategy for the conceptof an
"allowable" leakage rate

sequestration

Develop methods for monitoring
migration of CO, and its
byproducts in the subsurface
using a combination of
hydrologic, seismic, tracer, and
mechanical methods (e.g., tilt
measurements)

Understand the kinetics of
CO, dissolution and mineral

Understand how pressure
buildup due to CO, injection
influences caprock integrity

Understand reservoir
characteristics to minimize
adverse effects on caprock
integrity during CO, injection

Use natural CO, reservoirs to
understand how long-term
mineral trapping may
contribute to permanent

Obtain cost and performance
data from a full-scale integrated
demonstration of CO,
sequestration from a power
plant in moderate depth (2000-
5000 ft) saline formation

Develop technologies to
mitigate or control CO, leaks

Develop advanced concepts and
technologies for improving
sequestration efficiency

Develop remote or other cost-
effective methods for monitoring
CO,leaks

Evaluate the potential for
induced seismicity associated
with CO, injection

A second pilot demonstration of this
concept is located in Alberta, Canada.
The Alberta project is testing a process
of injecting CO, into one of Alberta’s
deep unmineable coal beds. Many of
Alberta’s coal deposits are rich in
methane. Preliminary computer
modeling suggests that selected
techniques for fracturing the coals
around wells could be improved with a
substantial increase in primary
methane. The initial field activities
consist of a single well test, designed
to measure reservoir properties,
increase primary production by an
effective fracturing technique, and
evaluate CO,-enhanced methane
recovery. A detailed technical

assessment will follow the field test in
early 1999.

Coal-bearing strata include both thin
and thick coal seams and interlayered
sandstones, siltstones, and shales; and
they are usually saturated with water.
This complex interlayered formation
defines the coal-bed reservoir interval.
Coal-bed stratigraphy and the
structure/porosity/permeability of
interlayered and overlying strata are
site-specific and will need to be
individually characterized. Unlike in
oil and gas reservoirs, however, the
methane in coal beds is retained by
adsorption rather than by trapping
beneath an impermeable overlying/
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lateral seal. Therefore, the nature of
overlying and adjacent strata becomes
an important issue for retention of the
CO, within the coal-bed reservoir
interval until it is adsorbed, and for
retention of the displaced methane
until it can be withdrawn. Techniques
to verify the capacity, stability, and
permanence of CO, storage in coal-bed
reservoir intervals are needed.

Table 5.4 lists the specific R&D needs
for advancing the technology and
acceptability of CO, sequestration in
coal formations. Needs are divided into
near-, mid-, and long-term efforts that
together provide a comprehensive set of
actions that will create a set of seques-
tration options.

5.3 CROSS-CUTTING R&D NEEDS
FOR GEOLOGIC FORMATIONS

Operational requirements and R&D
needs for sequestration in each of the
three types of geologic formations were
assessed independently. Not unex-
pectedly, needs common to all
formations emerged and are
summarized in this section. There are
significant differences, however, in the
maturity of technology and scientific
understanding of the processes
underpinning CO, sequestration in
different types of geologic formations.
Figure 5.5 highlights these similarities
and differences.

A critical cross-cutting R&D need is to
develop a comprehensive monitoring
and modeling capability that not only
focuses on technical issues, but also
has as a principal goal gaining public
confidence in geologic sequestration.
Without public confidence, progress on
technical issues will be of limited
impact. Moreover, regulatory oversight
bodies, CO, generators, and
sequestration site operators will need

to come to agreement about protocols
for assessment, evaluation, and
monitoring. A strong scientific
foundation is critical to the success of
the geologic sequestration option.

5.3.1 CO, Trapping Mechanisms

Hydrodynamic and solubility
processes responsible for trapping CO,
in geologic formations are reasonably
well understood, especially over the
time frame associated with EOR

(<20 years). Mineral trapping (i.e.,
reactions relying on the chemical
reactions between the gas/liquid and
solid phases) is less well understood,
particularly with regard to how fast
these reactions occur. Reactions
between CO, and the microbial
communities present in deep geologic
formations are also poorly understood.
Needs for new knowledge include

* hydrodynamics of CO, migration in
heterogeneous formations (e.qg.,
sweep efficiency, preferential flow,
and leakage rates)

= CO, dissolution kinetics

e mineral trapping Kkinetics

= microbial interactions with CO,

e influence of stress changes on
caprock and formation integrity

e nonlinear feedback processes
affecting confinement (e.g., mineral
dissolution and precipitation that
change rock permeability)

» CO,-methane adsorption/exchange
behavior on organic substrates

5.3.2 CO, Waste Stream
Characteristics

A high-purity (>90% CO,), dry waste
stream is the most desirable for
sequestration in geological formations,
based largely on considerations about
volume reduction, costs for gas
compression, and CO, handling issues
(e.g., corrosion). Scoping studies are

Sequestration of CO, in Geologic Formations
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Table 5.4. R&D priorities for CO, sequestration in coal formations

Near-term R&D
(<2005)

Mid-term R&D
(2005-2010)

Long-term R&D
(>2010)

Physical and chemical

properties of coal

- Adsorption/desorption of CO,

- Interaction with SOx and NOx

- Absolute and relataive
permeability

- Swelling behavior from CO,
absorption

Devwelop reservoir screening
criteria for assessment
purposes. Match CO,
generators to potential
sequestration sites using
screening criteria

Develop H-C-M-T modeling tools
for simultaneous fluid flow, gas
adsorption-desorption,
deformation and gas-flow
dynamics in coal-bed reservoir
intervals

Conduct a pilot test of flue gas
injection to evaluate ability of
CO, to adsorb to the coal
surface, displacing the
methane, while the nitrogen
sweeps the methane

Develop injection engineering
and design techniques for
optimizing CO, sequestration
and methane production in coal
beds

Develop methods for monitoring
migration of CO, and its
byproducts using a combination
of hydrologic, seismic, tracer,

Obtain cost and performance
data from a full-scale integrated
demonstration of methane
production, power generation,
and CO, sequestration

Dewelop technologies and
methods for injection and
production in low-permeability
and deep formations

Test CO,, methane, coal
interactions in water-saturated
intervals to evaluate whether
dewatering is needed prior to
CO, injection

Evaluate the impact of microbial
activity on the long-term fate of
CO, in coal formations

and mechanical methods

needed to evaluate beneficial or
detrimental effects of waste stream
characteristics on trapping efficiency,
economics, and safety of CO, seques-
tration. Examples of research needs
include

e analysis of the effect of waste
stream characteristics on
hydrodynamic, solubility, and
mineral trapping/adsorption
efficiency

e cost/benefit analysis for deter-
mining optimal CO, purity

e evaluation of the influence of other
“contaminants” (e.g., mercury) on
the safety and regulatory con-
straints on CO, sequestration

5.3.3 Formation Characterization

Ongoing efforts related to oil and gas
production and groundwater
remediation have led to development of
hydraulic, geophysical imaging, and
geostatistical techniques for
characterizing the heterogeneity of
sedimentary and fractured geological
formations. These will be needed to
predict the sweep efficiency in brine
formations. Additional needs specific
to sequestration include

e caprock characterization

e identification of leakage paths and
rates

« evaluation of hydrologic isolation
through the use of isotopic and
other chemical analyses
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Fig. 5.5. Comparative evaluation of the technological and scientific maturity
of operational requirements for sequestering CO, in geologic formations. Gray
signifies that the technology and scientific understanding are mature and ready to go.
White indicates that some experience base is available but more experience is needed
to evaluate and improve sequestration options. Black signifies that key processes,
parameters, technologies, and an understanding of fundamental processes must
improve significantly to achieve our vision for geological sequestration.

e identification of mineral assem-
blages that influence mineral
trapping and caprock integrity

e water encroachment in dewatered
formations

e reservoir compartmentalization

initial conditions and evolution of
joints and fracture networks from
stress and chemically induced
deformation
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5.3.4 Injection, Drilling, and Well

Completion Technology

Injection, drilling, and completion
technology for the oil and gas industry
has evolved to a highly sophisticated
state so that it is possible to drill and
complete vertical, slanted, and
horizontal wells in deep formations
and wells with multiple completions,
as well as to handle corrosive fluids.
Optimization of these for CO,
sequestration may require methods of
optimizing sequestration efficiency.
The engineering and cost-related
issues of transportation and
compression of CO, have not been
considered here but will need to be
added, along with other engineering
issues such as effects of contaminants
in the CO, stream, before large-scale
testing occurs. Potential needs
include

< methods of injecting additives for
controlling the mobility of CO,

e advanced well completion tech-
nology for enhancing sweep
efficiency

e addition of chemical or biological
additives for enhancing mineral
trapping

e development and emplacement of
in situ sensors for monitoring CO,
migration

= injection technologies to limit CO,
migration beyond “spill-points” and
through leaks in the caprock

5.3.5 Performance Assessment

Multiphase, multicomponent computer
simulators of subsurface fluid flow
have been developed for oil and gas
reservoirs, natural gas storage,
groundwater resource management,
and groundwater remediation. The
accuracy of these simulators depends
heavily on site- and project-specific
calibration and improves by continual

parameter adjustment over the project
lifetime. Developing reliable tools for
predicting, assessing, and optimizing
CO, sequestration will require a
similar level of experience under
actual operating conditions.
Additional needs specific to CO,
sequestration include

e reactive chemical transport codes
with precipitation-dissolution and
adsorption-desorption kinetics and

e coupled H-C-M (hydrological-
chemical-mechanical) models for
long-term behavior and assessment
of induced micro-seismicity.

5.3.6 Monitoring

Monitoring of CO, migration in the
subsurface is needed for large-scale
sequestration of CO,. Tracking of the
distribution of trapped CO, in the
gaseous, dissolved, and solid phases is
needed for performance confirmation,
leak detection, and regulatory
oversight. Existing monitoring methods
include well testing and pressure
monitoring; tracers and chemical
sampling; and surface and borehole
seismic, electromagnetic, and
geomechanical methods such as
tiltmeters. The spatial and temporal
resolution of these methods is unlikely
to be sufficient for performance
confirmation and leak detection.
Needs include

e high-resolution mapping tech-
niques for tracking migration of
sequestered CO, and its byproducts

e deformation and microseismicity
monitoring

= remote sensing for CO, leaks and
land surface deformation
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5.3.7 Cross-Cutting Fundamental
Research Needs

As the individual road maps for these
geologic formations were developed,
several cross-cutting fundamental
research needs emerged. New and
improved understanding of these
issues will lead to safer and more cost-
effective CO, sequestration. An
expanded discussion of fundamental
research needs can be found in Dove
et al.

Multiphase transport in hetero-
geneous and deformable media:
Gravity segregation, viscous fingering,
and preferential flow along high-
permeability pathways will play a
dominant role in CO, migration in the
subsurface. These difficulties will be
compounded by deformation accom-
panying adsorption-desorption
processes and precipitation-
dissolution processes. A better
fundamental understanding is needed
to predict migration of CO, and to
optimize sweep efficiency in geologic
formations.

Phase behavior of CO_/petroleum/
water/solid systems: The partitioning
of CO, between the brine, oil, gas, and
solid phases is critical to under-
standing trapping mechanisms, as well
as to predicting CO,-enhanced oil
recovery from petroleum formations
and enhanced gas recovery from coal
formations. Better understanding of
the solid/fluid partitioning, partic-
ularly, is needed for optimizing
enhanced gas recovery from coal-bed
methane projects.

CO, dissolution and reaction kinetics:
Although the principal reaction path-
ways between CO, and sedimentary
formations are relatively well
understood (e.g., reactions of feldspars
with acid to form calcite, dolomite,

siderite and clay; dissolution of
carbonate minerals), the kinetics of
CO, dissolution in the liquid phase
and subsequent rock-water reactions
are slow and poorly understood. If
conversion of CO, to these stable
mineral phases is to be an important
component of sequestration in brine
formations, understanding of the
kinetics of these reactions and the
processes controlling them is
essential.

Coupled H-M-C-T (hydrologic-
mechanical-chemical-thermal)
processes and modeling: Accurately
predicting, assessing, optimizing, and
confirming the performance of a
sequestration project requires an
accurate coupled model of all of the
processes that influence repository
performance and safety. While much
experience in subsurface simulation
has been gained from the oil and gas
industry and from the groundwater
management and remediation
industries, other experience shows that
the quality of our predictions depends
strongly on having a simulator geared
toward the specific application.
Simulators tailored to the specific
physical and chemical processes
important for CO, sequestration must
be developed, tested, calibrated, and
refined through operational
experience.

Micromechanics and deformation
modeling: Production of oil and gas
from geologic formations and subse-
quent sequestration of CO, into
geologic formations will be
accompanied by deformation of the
reservoir formation. The influence of
deformation on the hydraulic
properties of the formation and
integrity of the caprock must be better
understood. In brine formations,
unlike in oil and gas reservoirs where
injection of CO, is accompanied by

Sequestration of CO, in Geologic Formations
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withdrawal of fluids, deformation is
likely to be widespread as the pressure
builds in the formation. The effects of
deformation on the integrity of the
caprock and its ability to induce
seismic events must be better
understood to ensure the long-term
stability and safety of CO,
sequestration.

High-resolution geophysical imaging:
High-resolution geophysical imaging
offers the best potential for cost-
effective monitoring of the migration
and byproduct formation of CO, in
subsurface environments. Three-
dimensional and four-dimensional
(time-lapse) images of geologic
structures and pore fluids can be
created with surface, surface-to-
borehole, and cross-borehole
techniques. The resolution needs to be
improved if these methods are to be
relied on to detect caprock leakage,
formation of viscous fingers, and
preferential pathways.

5.4 ADVANCED CONCEPTS FOR
SEQUESTRATION IN
GEOLOGIC FORMATIONS

The sequestration techniques
described draw heavily from current
approaches used by industry for
production of oil, gas, and coal-bed
methane and for storage of natural gas.
Although these techniques provide
reasonable near-term options for
sequestration of CO,, enhanced
technology for CO, sequestration in
geologic formations may significantly
decrease costs, increase capacity,
enhance safety, or increase the
beneficial uses of CO, injection. Such
enhanced technologies include the
following:

e Enhanced mineral trapping with
catalysts or other chemical

additives. Conversion of CO, to
stable carbonate minerals is
expected to be very slow under the
current scenarios envisioned for
sequestration in geologic
formations. ldentification of
chemical or biological additives
that increase reaction rates could
enhance the effectiveness of
mineral trapping.

Sequestration in composite
formations. Multilayer formations,
all with imperfect caprocks, may
result in highly dispersed plumes of
CO,. The greater the degree of
dispersion, the greater the
opportunity for efficient solubility
and mineral trapping. Developing
design criteria that account for
acceptable leakage across
multilayer formations could
increase the geographic
distribution and capacity of
geologic formations for
sequestering CO.,,

Microbial conversion of CO, to
methane. Microorganisms that
generate methane from CO,
(methanogens) are known to exist
in a wide variety of oxygen-
depleted natural environments. If
sequestration sites could be chosen
to take advantage of this naturally
occurring process, an underground
“methane factory” could be created.
Alternatively, additives that
stimulate methanogenesis could be
injected along with CO, to promote
methane formation.

Rejuvenation of depleted oil
reservoirs. Injection of CO, into
active oil reservoirs is a widely
practiced EOR technique. However,
even after the EOR process is no
longer economically feasible, as
much as 50% of the original oil in
place may be left underground. CO,
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injection, followed by a quiescent
period during which gravity
drainage and gas cap formation
redistribute the gas and liquid
phases, may rejuvenate an oil
formation that can no longer
produce economically. The injected
CO, is sequestered in the geological
formation.

= CO,-enhanced production of
methane hydrates: Methane
hydrates in ocean sediments and
permafrost hold tremendous
reserves of natural gas. Producing
gas from these formations remains a
challenge because of their complex
structure, mechanical properties,
and the thermodynamic behavior of
hydrates. CO, injection into
methane hydrate formations may
enhance production while simul-
taneously sequestering CO.,,.

5.5 OVERALL R&D PRIORITIES

Geologic sequestration is unique
among the options for sequestration of

Phase |
(2000-2005)

Regional

Phase Il
(2005-2015)

CO, because of the extensive exper-
ience from related industries: oil and
gas production, groundwater resource
management, and groundwater
remediation. Nevertheless, a number of
critical needs must be addressed to
make geologic formation a cost-
competitive and safe option for
sequestration of CO,. These have been
addressed in detail in the previous
sections of the report. Figure 5.6
provides synthesis and a timeline for a
key set of actions needed to accelerate
development of a set of options for CO,
sequestration in geologic formations.
Short-term needs feed into longer term
projects. Together these will provide a
realistic assessment and cost and
performance data for large-scale
sequestration of CO, in geologic
formations. The paragraphs below
elaborate on these key actions.

1. Fundamental research is needed to
aid understanding of critical
processes and parameters that will
contribute to safe and effective CO,
sequestration.

Phase lll
(2015-2025)

Sequestration
Formation
Assessment

Pilot Scale
Testing

g Vision 2025

Cost-Competitive,
Safe,
Publicly

Integrated
Sequestration
Demonstrations

Advanced

Fundamental Technology

Research

Geologic

Acceptable,
Reliable Options
for Geologic
Sequestration

Development

of CO»

Analogue
Investigations

Fig. 5.6. Key elements of the R&D road map for sequestration of CO,

in geologic formations.
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2. There must be a reliable assess-
ment of geologic formations
available for sequestration of CO,
from each of the major power-
generating regions of the United
States. Screening criteria for
choosing suitable options must be
developed in partnership with
industry, the scientific community,
the public, and regulatory oversight
agencies.

3. Pilot tests of geologic sequestration
conducted early would help
develop cost and performance data
and help prioritize future R&D
needs. These pilot tests should be
designed and conducted with
sufficient monitoring, modeling,
and performance assessment to
enable quantitative evaluation of
the processes responsible for
geologic sequestration.

4. Geologic analogues, such as CO,
reservoirs and CO_-rich aquifers,
should be studied to determine the
factors leading to caprock integrity
and mineral-trapping mechanisms.

5. Advanced technologies are needed
for (1) increasing the volume of the
geologic formation filled by CO,,
(2) creating stable long-term sinks
(stable mineral assemblages),

(3) increasing solubility and
perhaps diluting CO, to acceptable
levels, and (4) tracking migration of
CO, in the subsurface.

6. Full-scale demonstration projects,
performed in partnership with
industry, that integrate CO,
separation and transportation with
geologic sequestration are needed
to provide cost, safety, and
performance data on geologic
sequestration of CO,,.

The road map effort discussed here
included a number of working group
meetings and extensive external
review of the draft by stakeholders. The
consensus of these groups was that all

of the potential formations for gelologic
sequestration should be investigated
simultaneously. The stakeholder
groups also pointed out that the
geologic formations about which we
know the most, namely oil and gas
reservoirs, are probably the first
candidates for pilot testing and
implementation of sequestration. The
highest priority for fundamental
research to expand our current
understanding, however, should be the
reservoirs about which we know the
least, namely brine and coal-bed
formations. In addition, cross-cutting
research on methods to predict and
monitor the performance and safety of
CO, injection will be essential
components of the research effort.

It was also recommended that the R&D
program be organized to take
advantage of the common aspects of
sequestration among all formation
types. This approach would maximize
synergy and minimize overlap. For
example, all of the formations contain
brine; these should be studied as a
system rather than as particular types
of formations. Similarly, monitoring
methods before, during, and after
injection are likely to be similar for
each formation type and should be
jointly developed and tested. Finally,
engineering studies that provide
technology assessment, cost/benefit
analyses, and technology
enhancements can be shared.
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